INTRODUCTION
Recent findings of HLA-associated disease have opened an avenue to look for gene(s) that would express major effect in multifactorial disease. Human leucocyte antigens or histocompatibility genes have been revealed to have so enormous polymorphism as well as important immunological functions, particularly surveillance of external agents against cell (Frelinger and Schreffer, 1975; Bodmer, 1972; Bodmer and Bodmer, 1978; Barnstable et aI., 1979; Dausset, 1981, and Thomson 1981) , that HLA could be very useful as a genetic marker to disentangle genetic mechanism involved in onset of disease, assuming that the association between HLA and disease was due to linkage disequilibrium.
One approach in this direction recently developed is so called affected sib pair method. The purpose of this paper is to explain the method for practical use, illustrated with Graves' disease. The use of multiple case family studies to detect the effect of HLA-linked disease genes has been investigated in a number of studies (Cudworth and Woodrow, 1975; Bobrow et al., 1975; Day and Simons, 1976; Thomson and Bodmer, 1979a, b; Green and Woodrow, 1977; Suarez, 1978; Spielman et al., 1978 Spielman et al., , 1979 Spielman et al., , and 1980 . It is based on the assumption that HLA haplotypes as marker are used to trace the inheritance pattern of closely linked disease susceptibility genes. Looking at families in which two or more siblings had disease in question, the nonrandom zygotic assortment of HLA haplotypes would be a demonstration of disease gene.
Let us suppose that HLA haplotypes of both parents are a/b and c/d. Genotypes of their children will be either a/c or a/d or b/c or b/d. Since each genotype happens to appear independently, the probabilities that two siblings share two, one or no haplotypes identical by descent are 1/4, 1/2 and 1/4, respectively. These are in fact the k-coefficient (Cotterman, 1940) or ks, kl and k0 in his terminology, in which neither of individuals was inbred.
To facilitate counting the value of X, Y and Z, respectively the number of affected sib pairs, ascertained through sibs, sharing two, one or no haplotypes, with information about parental genotypes only, the marker locus must carry at least four distinctive alleles or haplotypes. In other words, there must be four distinct haplotypes in parents in order to identify siblings sharing two, one or no haplotypes identical by descent. It can be shown that the probability of both parents being distinct heterozygotes is (l-l/m) (1-2/m) (1-3/m) provided that frequencies of all alleles are the same, where m is the number of alleles at the marker locus. As shown in Fig. 1 , it is understandable that HLA system having a many haplotypes is a good candidate as a marker. This will be discussed later. Fishman et al. (1978) have studied the expected number of X, Y and Z under the hypothesis of recessives as well as dominants at the disease locus. The recessive case yields The probability of both parents being distinctive heterozygotes in random mating population: H=Z(2plpj)(2pkpl)=(lil/m)(1--2/m)(1--3/m) for pi=l/m, where m is the number of allele. and
in which E(.) denotes the expectation, N is the observed number of affected sib pairs, p is the frequency of disease gene, q=l-p and 95=(1-c)2+c 2 with c being recombination frequency between marker and disease loci. for a given gene frequency in the recessive model which has taken as the expectation. By examining gene frequency in the dominant model, the minimum value of chisquare could be found, where Ea(i)'s are reckoned as the 'observation.' Discrimination between the two models would not be made if frequency of recessive gene was higher than 0.4 and/or that of dominant gene was higher than 0.1 even the sample size of sib pairs being one hundred. In other words the affected sib pair method seems not to be applicable effectively to common disease (Table 2) . When p is small, the expectations approach to
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MAXIMUM LIKELIHOOD ESTIMATION
Since our interest is primarily directed to the case where there is no recombination (c= 0) between marker and disease loci, the following result would be useful for obtaining maximum likelihood solution. General treatments when recombination frequency was not necessarily zero were given in appendix.
Recessive model. Maximum likelihood solution of disease gene frequency p and variance V(p) will be p(l +p)2
15= Y+2xY+2Z
and V@)= 2N(l+2p) , respectively.
The reciprocal of variance is called the amount of information or
of which values are given in the 6th column in Table 3 for some p. (Table 3) . If disease gene frequency was small as is usual the case, it might be taken p0=4Z/(7X+Y+SZ) or an arbitrary value 0.01 as trial estimate. It is of statistically interest to note that the amount of information becomes the same (2/p) in both models when frequency of the disease gene becomes zero.
GRAVES' DISEASE AS AN ILLUSTRATIVE EXAMPLE
Graves' disease has been considered a multifactorial disease. Although the genetic mechanism involved in its manifestation is yet unknown, it has been reported that there were statistical associations between Graves' disease and HLA as well as Gm loci (Uno et al., 1981) . In that study examination of HLA haplotypes of 15 affected sib pairs who were ascertained through one of sibs (single ascertainment) and whose parents had four distinct HLA haplotypes, yielded the distribution X=8, Y=7 and Z=0. If assortment of HLA haplotype was at random, the expected distribution would be 3.75 : 7.50 : 3.75. The value of chi squared for a goodness of fit becomes X~= 8.60 with two degrees of freedom, which is significant (P= 0.014) ( Table 4) .
Under the recessive hypothesis the maximum likelihood solution was t5= (7 + 2.0)/(7 + 2.8) = 0.30 with the variance V(15) = 1/[(15) (6.3116)] (from Table 3 ) = (0.10) ~ yielding z ~= 1.39 with one degree of freedom for goodness of fit that is not significant (Table 4) Table 3 ). Thus, maximum likelihood solution becomes ~ =0, giving Z2= 0.07 with one degree of freedom, that is insignificant.
Since the frequency 0.00 for disease gene did not make sense, we could get (N--15) , it is not possible to rule out the dominant model simply because the maximum likelihood estimate of the gene frequency being 0.00. Since this affected sib pair method was based on the assumption of no recombination between HLA and the disease loci, the real gene frequency should be smaller if we take into account of the crossover between two loci (appendix). The recessive gene frequencies estimated for a given recombination fraction (c) decreased from 0.304_+ 0.104 to 0.206_+0.099 at the recombination frequency 0.00 to 0.05, respectively. This decrease however is within the standard error. It is possible, assuming high penetrance of Graves' disease, to infer the mode of inheritance and frequency of Gm-linked disease gene by utilizing both the estimated frequency of the Gm-linked disease gene and the observed incidence of Graves' disease in the Japanese population (8/10,000) (Maruchi et al., 1969) . Suppose that Pl is the frequency of the HLA-linked gene, p~ is the frequency of the Gin-linked gene, x is penetrance of the genotype for Graves' disease. pz and x, from 0. to 1., we found minimum chi squared for p2=0.10 and 0.60<x< 1.00 (Fig. 2) . No compatible figures could be found for x and P2 with dominant hypothesis at the Gm-linked locus. Under the dominant model for the HLA-linked locus with p1=0.08 and the recessive model for the Gm-linked locus, where the expected incidence of affected individuals is approximately 2xp~p22, it appears that p2=0.1 and 0.5<x< 1.0 (Fig. 3) . In this case the second locus as a dominant one was not compatible with the present data.
DISCUSSION
This affected sib pair analysis clearly indicated that two major genes, linked to HLA and Gm, respectively, control the susceptibility to Graves' disease as previously reported (Uno et al., 1981 and Sasazuki et al., 1981) . For the HLA-linked disease susceptibility gene, the observed distortion in the distribution of affected sib pairs sharing two, one or no haplotypes identical by descent could not clearly distinguish the recessive model with gene frequency of 0.30 from the dominant model with gene frequency of 0.01. Since the dominant model yielded the gene frequency being 0.00 as a maximum likelihood solution, the recessive model was more tenable. This difficulty is in part due probably to the smallness of sample size in this study, and analysis of much larger number of affected sib pairs might be necessary to exclude either the dominant or recessive model. In fact a compilation of literature (Sasazuki, unpublished) resulted a distribution X=27, Y= 14, and Z=2 (so that N=43), which yielded recessive gene frequency 0.26+0.06 with Z2=0.01 and dominant gene frequency 0.04__0.03 with Z2=4.98. Namely, dominant hypothesis for HLA-linked gene may be excluded, but definite conclusion must await a carefully designed survey for segregation analysis as well as linkage study of Graves' disease and HLA/Gm.
The above analysis suggests an answer to a question that how many sib pairs are necessary to discriminate two hypotheses between recessives and dominants. The size of sample is obviously dependent upon frequency of disease gene. Having recessive gene frequency of 0.25 and sample size of 15, the minimum chi squared to discriminate two models is (15/100)x(14.3)=2.15 (Table 2) , that is certainly not significant. When N=43, the minimum Z2=(43/100)x(14.3)=6.15 which is now significant at 5~ level. A typical size taking into account conventional cases would be at least 20 or 30.
In the recessive model for the HLA-linked disease gene, the minimum gene frequency of 0.30 would correspond to a minimum frequency of (0.30)3=0.09 of homozygotes in the population, and since the incidence of Graves' disease in the Japanese population is 0.0008, penetrance (x) of these homozygotes would be at least 0.0008/ 0.09 or 0.9~o which might suggest either multifactorial or a single major locus. In the present data however there was a second locus linked to Gm so that we did not discard the recessive model because of too low penetrance. Two locus model for Graves' disease was thus shown by the demonstration of tightly linked loci, HLA and Gin.
When an association between marker locus and disease was found by using 2 x 2 contingency table (Woolf, 1955) , investigation could go to gather affected sib pairs whose genetic markers were examined. Since parental genotypes of affected sibs could easily be examined or be deduced from phenotypes of children and surviving spouse, marker system is preferable to contain multiple codominant alleles. Nearly all blood groups in man do not meet the condition, but only exception at present in HLA system (Table 5) . Rh blood groups maintain at least eight alleles but some of them are so rare among Japanese that actually observed number of alleles would be reduced. No wonder why ABO-stomach cancer association has not been confirmed by affected sib pair method while the method has developed solely in study of HLA-disease association. Combination of five markers in HLA will produce enormous number of HLA haplotypes. Although all possible combinations of five markers obviously do not exist in human populations, but even a thousandth the number of all possible haplotypes becomes several hundreds which gives the probability of both parents being distinctive heterozygotes as more than 0.98, provided that frequencies of all alleles are the same and mating is random (Fig. 1) . Since most polymorphic genes are not associated with disease, HLA or human leucocyte antigen system is at present the only genetic marker which could be useful in affected sib pair method. In regard to disease, rare diseases would be studied effectively by the affected sib pair method. Here however the problem is to gather the sample of affected sib pairs. By all means the required size of sample is dependent upon gene frequency, but somewhat 20 or 30 pairs would be a reasonable choice. On the other hand, common diseases with high gene frequency may not be practical to resolve effectively genetic causes by affected sib pair method. Since the affected sib pair method is free from penetrance of disease, a question is left whether its incidence is due to a gene with low frequency but high penetrance or due to a common gene with low penetrance. We propose the former model as a working hypothesis which would be testable for searching major gene(s) in multifactorial diseases. In the case of Graves' disease we were led to two locus model with high penetrance. It should be remembered however that affected sib pair method is based on multiple family cases. Sporadic or isolated cases are not included in the analysis. Since etiological heterogeneity in disease is common, tile result obtained by sib pair method could only apply to multiple family cases. Segregation analysis and linkage study are required for corroborating the results by sib pair analysis.
Extension of sib pair method to pair of relatives might not be so feasible in practice that the distribution of two relatives sharing two, one or no haplotypes identical by descent could not be identified clearly without serious attempts in pedigree analysis, including HLA typing. Besides, most of close relationships but sib provide statistically only one degree of freedom (Table 6 ). Association between a marker and a disease in question however may be detected by analysis of affected paired relatives, provided that no attempt made for determining mode of inheritance.
Some of other advantages in this approach have been mentioned by Day and Simons (1976) . Briefly, 1) multiple case family studies give a direct estimate of the risk; 2) the problem of choosing the correct control group is completely avoided, as the within family segregation provides its own control; and 3) the problem of racial or geographical heterogeneity in HLA antigens could be avoided as the sharing of haplotypes does not depend on which particular HLA antigen is involved, as illustrated in Graves' disease.
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where #=c2+(1--c) 2, and X, Y and Z are the observed number of haplotypes sharing two, one or no haplotype identical by descent, respectively. N=X+Y+Z. The trial value P0 may be chosen the one obtained from the assumption of no recombination.
